Abstract. In mice, small oocytes (primordial oocytes) are enclosed within flattened granulosa cells to form primordial follicles around birth. A small number of primordial oocytes enter the growth phase, whereas others are quiescent. The mechanism regulating this selection of primordial oocytes is not well understood. The objective of the present study was to understand the role of p27 KIP1 , which regulates cell cycle progression in somatic cells, in the growth initiation of primordial oocytes in neonatal mice. We studied the localization of p27
(J. Reprod. Dev. 57: [217] [218] [219] [220] [221] [222] 2011) fter differentiation of primordial germ cells to oogonia, they undergo mitotic proliferation and enter meiosis to become oocytes. In mice, these oocytes are surrounded by a single layer of epithelial cells (granulosa cells) around birth. This unit consisting of an oocyte and granulosa cells is called the primordial follicle. The oocytes in primordial follicles are called "primordial oocytes" [1] . Activation of primordial oocytes causes the transformation of their surrounding granulosa cells to a cuboidal shape [2] . The follicles at this stage are called primary follicles that contain growing oocytes. The granulosa cells proliferate and become multilayered to form secondary follicles. As follicles develop through the primary, secondary and tertiary (antral) stages, they gain successive layers of granulosa cells and theca layers, and oocytes increase in size towards 70-75 μm in rodents and 120-125 μm in humans, cows and pigs. Finally, a large fluid-filled antral cavity is formed, and this kind of follicle is called a Graafian follicle.
Primordial follicles start to develop at the time of birth in mice [3] and at 3-4 days after birth in rats [4] . A small number of primordial oocytes enter the growth phase, while a large number are quiescent. The mechanism regulating this selection of primordial oocytes is not well understood. Recently, we proposed that ovaries of neonatal mammals contain a mixed population of both quiescent and activated primordial oocytes, while almost all primordial oocytes are quiescent in adult females [5] . In a xenotransplantation experiment, primordial oocytes from prepubertal pigs took more time to initiate growth compared with those from neonatal pigs [6] . In prepubertal pigs, FOXO3 (forkhead box O3) was detected in almost all primordial oocytes, and in infant pigs, around half of primordial oocytes were FOXO3-negative. After knockdown of FOXO3 by siRNA (small interfering RNA) interference, a proportion of primordial oocytes from prepubertal pigs became activated and entered the growth phase in the xenografts [6] . Foxo3 -/-mice show global follicular activation, which leads to early depletion of ovarian follicles [7] . These results suggest that FOXO3 suppresses the activation of primordial oocytes in mice and pigs. How FOXO3 prevents primordial follicle activation is not clear. It has been reported that Foxo3 positively regulates p27
Kip1 (Cdkn1b) expression in cultured cells [8] . p27
Kip1 is a member of the Cip/Kip family of Cdk inhibitors. Overexpression of p27
Kip1 leads to cell cycle arrest in the G1 phase in human somatic cells [9] . In quiescent cells (i.e., in the G0 phase), p27
Kip1 levels are high with low Cdk activity [10] . Mice that are p27
Kip1 -deficient exhibit gonadal hyperplasia and are infertile due to defects in ovulation and corpus luteum formation [11] [12] [13] . Rajareddy et al. [14] reported excessive activation of primordial follicles in p27
Kip1 -deficient mice, which caused premature ovarian failure. In the present study, we investigated the localization of p27
Kip1 in postnatal mouse ovaries by immunohistochemistry. To study the involvement of p27
Kip1 in the activation of primordial oocytes, we knocked down p27
Kip1 by siRNAs, and then oocyte growth was examined in cultured mouse ovaries.
Materials and Methods

Mice
C57BL/6 mice (SLC, Shizuoka, Japan) were housed in a positive pressure room with the temperature controlled to 22-24 C. The light cycle of the room was set at 12/12 h L/D. One male and one female mouse were kept in a single cage for mating. The mice were considered to be 0-day-old on the day they were born. They had free access to clean water and balanced feed pellets. This study was approved by the Institutional Animal Care and Use Committee (Permission number: 19-5-35 and 21-05-03) and carried out according to the Guidelines of Animal Experimentation of Kobe University, Kobe, Japan.
Immunohistochemistry
Ovaries were collected from 0-, 3-, 5-, 7-and 21-day-old mice and frozen in liquid N2 for immunohistochemistry. Cryostat sections (6-μm thick) were prepared from frozen ovaries, and every fifth section was placed on silane coated slides. From the central region of each ovary, 16 sections were selected. They were dried in air and fixed in 1% (w/v) paraformaldehyde in phosphate buffer saline (PBS; pH 7.2) at room temperature for 10 min. To prevent nonspecific antibody binding, blocking was performed with 3% (w/ v) bovine serum albumin (BSA; Wako Pure Chemical Industries, Osaka, Japan) in PBS for 1 h, and immunostaining was performed with rabbit polyclonal anti-mouse p27 antibody (1:100; catalog # sc-776, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 C. After washing with PBS, the sections were reacted with Alexa Fluor 488-labeled goat anti-rabbit immunoglobulin antibody (1:1,000; Molecular Probes, Eugene, OR, USA) for 45 min and counterstained with propidium iodide (PI; 100 μg/ml; Sigma-Aldrich Chemicals, St. Louis, MO, USA) for 10 min. After washing 3 more times with PBS, the sections were mounted with Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA, USA) and observed under a fluorescence microscope (U-LH100HGAPO; Olympus, Tokyo, Japan).
The follicles were classified into three categories according to the number and morphology of granulosa cell layers: primordial follicles with one layer of flattened granulosa cells surrounding the oocyte, primary follicles with a single layer of cuboidal granulosa cells and secondary follicles with two or more layers of granulosa cells without any antrum. All oocytes in every category of follicle showing green fluorescence (considered as p27
Kip1 -positive) were counted in all sections prepared from each ovary.
Treatment with siRNAs and cell culture
Three p27
Kip1 siRNAs and a non-targeted control siRNA were purchased from Invitrogen (Tokyo, Japan). The siRNAs were as follows:
At first, the efficiency of siRNA-induced knockdown was examined in mouse fibroblast NIH/3T3 cells. Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM; GIBCO Invitrogen, Grand Island, NY, USA) containing 10% (v/v) fetal calf serum (FCS; Dainippon Pharmaceutical, Osaka, Japan) at 37.5 C under an atmosphere of 5% CO2 in humidified air. When the cells reached about 50% confluency, the medium was replaced with serum-free Opti-MEM (Invitrogen) and incubated for 1 h before siRNA treatment. The cells were treated with 0.25% Lipofectamine 2000 (Invitrogen) and 0.1 μM of each siRNA and incubated for 6 h according to the manufacturer's instructions. After siRNA treatment, they were cultured for 42 h in normal medium. After washing 2 times with PBS, the cells were detached from the dish by treating them with 0.25% (w/v) Trypsin-EDTA solution (Sigma). They were washed in normal medium once and 3 times in PBS by centrifugation at 100 g for 2 min. Then, an equal volume of 2-times-concentrated SDS sample buffer [15] was added, and the samples were boiled for 5 min and kept at -20 C before use.
Treatment with siRNAs and organ culture of ovaries
Ovaries collected from 3-day-old mice were treated with 0.5% Lipofectamine RNAiMAX (Invitrogen) and 0.3 μM siRNAs (No. 1 and 2) following the methods used for the cultured cells as described above. After siRNA treatments for 6 h, ovaries were cultured in α-Minimum Essential Medium (α-MEM; Invitrogen) supplemented with 10% (v/v) FCS, 2.2 mg/ml sodium bicarbonate and 80 μg/ml kanamycin sulfate (Sigma) for 6 days in center-well organ culture dishes (catalog # 353037; BD Falcon, Becton Dickinson, Franklin Lakes, NJ, USA), and follicular development and oocyte growth were examined by histological procedures. After 60 h of culture, some siRNA-treated ovaries were prepared to estimate p27
Kip1 expression by immunohistochemistry and Western immunoblotting.
Preparation of ovarian extracts
Ovaries treated with siRNAs were homogenized by a glass homogenizer while being kept on ice in a lysis buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM ethylenediamine-N,N,N',N'-tetraacetic acid (EDTA; Dojindo Laboratories, Kumamoto, Japan), 0.1% (w/v) SDS, 0.5 mM p-aminophenyl methanesulfonyl fluoride hydrochloride (p-APMSF; Wako) and 1% (v/v) Triton X-100. Lysates were transferred to an Eppendorf tube to be sonicated by a Vibra-Cell TM ultrasonic processor (Sonics and Materials, Dunbury, CT, USA) with three short bursts of 10 sec at 20% amplitudes followed by intervals of 1 min on ice. After centrifugation at 11,000 g for 10 min at 4 C, supernatants were collected, and protein concentrations were measured using a BioRad Protein Assay (catalog # 500-006; Bio-Rad Laboratories, Hercules, CA, USA). Then, an equal volume of 2-times-concentrated SDS sample buffer was added, and the samples were boiled for 5 min and kept at -80 C before use.
Western blotting
The samples from siRNA-treated cells and ovaries were run on 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and then each protein was transferred to hydrophobic polyvinylidene difluoride membranes (Immobilon; Millipore, Bedford, MA, USA). The membranes were cut into two pieces; one part contained >37 kDa and the other contained <37 kDa. The membranes (<37 kDa) were blocked with 10% (v/v) FCS in PBS containing p27 Kip1 IN MOUSE PRIMORDIAL OOCYTES 0.1% (v/v) Tween 20 (PBS-Tween) for 1 h and incubated overnight at 4 C in a humidified chamber with rabbit polyclonal anti-mouse p27 antibody (1:1,000). After washing 3 times in PBS-Tween, the membranes were treated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin antibody (1:3,000; Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature. For the control, the membranes containing >37 kDa were probed with mouse monoclonal anti-β-actin antibody (1:50,000; catalog # A2228; Sigma) and subsequently with HRP-conjugated goat anti-mouse immunoglobulin antibody (1:7,500; Cell Signaling Technology). After washing in PBS-Tween, the peroxidase activity was visualized using Western blotting Luminol/Enhancer Solution (SuperSignal West Femto Maximum Sensitivity Substrate; Thermo Fisher Scientific, Rockford, IL, USA).
Histological examination
Fresh and cultured ovaries were fixed in 3% (w/v) paraformaldehyde in PBS, dehydrated, embedded in methacrylate resin (JB-4; Polysciences, Warrington, PA, USA), serially sectioned at a thickness of 5 μm, and then stained with hematoxylin and eosin. The diameters of the oocytes (excluding the zona pellucida) were measured by taking the average of two perpendicular measurements of each oocyte, at every fifth section where the oocyte nucleus was seen, to the nearest 1 μm with an ocular micrometer (Nikon, Tokyo, Japan) attached to a microscope.
Statistical analysis
The average numbers of oocytes or follicles are presented as the mean ± SEM (standard error of the mean). Data were subjected to one-way ANOVA, and the significance of differences among means was determined by Tukey's multiple range test by using Microsoft Excel and GraphPad Instat for Windows. Differences at P<0.05 were considered statistically significant.
Results
Expression of p27 Kip1 in mouse oocytes
In newborn mice, the expression of p27 Kip1 in primordial oocytes was undetectable (Fig. 1A and Table 1 ). Its expression was also undetectable in ovarian interstitial cells and granulosa cells in newborn ovaries. The expression was found in the nucleus of primordial and primary oocytes in 3-day-old ovaries. The percentage of p27
Kip1
-positive oocytes increased from 3-to 7-day-old mice (Table 1 and Fig. 1B-D) . The expression was stronger in primordial oocytes than the growing oocytes in primary and secondary follicles. Granulosa cells of primary and secondary follicles also showed p27
Kip1 expression (Fig. 1D-E) .
Knockdown of p27 Kip1 and growth of mouse oocytes
To determine the efficiency of siRNAs to knock down p27 Kip1 , mouse fibroblasts were treated with siRNAs. The results of Western blot analyses showed that the expression of p27
Kip1 was decreased in the cells treated with two siRNAs (No. 1 and 2 in Fig.  2A ). Western blot analyses of ovaries treated with the siRNAs showed that the expression of p27
Kip1 decreased in the ovaries treated with siRNA No. 1 or siRNA No. 2 compared with that in Fig. 1 
. Representative photographs of immunostaining for p27
Kip1 in cryosections of mouse ovaries. The sections were treated with rabbit anti-p27 antibody and Alexa Fluor 488-labeled anti-rabbit immunoglobulin antibody (green; A-E) and counterstained with PI (red; F-J). Positive staining of p27
Kip1 was found in nuclei of some oocytes (arrow heads). Scale bars represent 20 (A-C and F-H) and 60 μm (D, E, I and J). the controls (Fig. 2B) . Furthermore, immunofluorescent staining confirmed that the p27
Kip1 expressions in the oocytes from ovaries treated with the p27
Kip1 siRNAs were reduced, while the controls still expressed p27
Kip1 (Fig. 3 ). In the histological examination, 3-day-old ovaries contained mainly primordial follicles and a small number of primary follicles (Fig. 4A) . A small number of oocytes grew to more than 20 μm in diameter before culture (Table 2) . After culture for 6 days, a number of oocytes grew to more than 20 μm in diameter, while the follicles remained in the primordial or primary stage in both the control and ovaries treated with p27
Kip1 siRNAs (Figs. 4B-D and Table 2 ). The number of primordial oocytes with diameters of less than 20 μm was higher in the control ovaries than in the ovaries treated with p27
Kip1 siRNAs ( Table 2 ). In the ovaries treated with p27
Kip1 siRNAs, the numbers of growing oocytes (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) and 61≤ μm in diameter) increased compared with the controls after culture.
Discussion
The mechanisms concerning the entrance of primordial oocytes into the growth phase remain largely unknown. Several factors including Foxo3, KL (kit ligand), GDF-9 (growth differentiation factor-9) and NGF (nerve growth factor) are known to be involved in oocyte growth and follicular development in mammals [16] . p27
Kip1 has recently been suggested to be an inhibitor of primordial oocyte activation because p27
Kip1
-deficient mice exhibit excessive activation of primordial follicles [14] . Kohoutek et al. [17] reported that p27
Kip1 was expressed mainly in the nucleus and faintly in the cytoplasm of growing oocytes but not in fully-grown oocytes in mice. In the present study, p27
Kip1 expression in the primordial oocytes of the newborn mouse was undetectable. Its expression was observed in a number of primordial oocytes in 3-day-old ovaries. Similar results were reported by Rajareddy et al. [14] , who found that the expression of p27
Kip1 first appeared in the oocytes in 4-day-old mouse ovaries. In the present study, the per- centage of p27 Kip1 -positive oocytes increased age-dependently until 7 days of age. Since mouse oocytes start to grow after birth, such a pattern of expression indicates that p27
Kip1 may be involved in the growth of primordial oocytes in mice.
We conducted the knockdown experiment using p27 Kip1 siRNAs to clarify the involvement of p27
Kip1 in the suppression of oocyte growth in neonatal mouse ovaries. RNA interference by siRNAs is a well-established method for gene knockdown in cultured cells [18, 19] and has recently been applied for oocytes [20] , cultured hamster ovaries [21] , fetal mouse ovaries [22] and cortical slices of pig ovaries [6] . Since siRNA mediates sequence-specific mRNA degradation, the p27 Kip1 siRNAs worked to knock down the target p27
Kip1 protein. After knockdown of p27 Kip1 , the proportion of growing oocytes (more than 20 μm in diameter) significantly increased and that of non-growing oocytes (smaller than 20 μm in diameter) decreased in the cultured mouse ovaries compared with the control. Thus, these present findings show that primordial oocytes entered the growth phase in vitro as a result of knockdown of p27 Kip1 . In p27 Kip1 -deficient mice, it has been reported that increased numbers of oocytes grew along with follicular development [14] . The percentage of developing follicles with growing oocytes in 8-day-old p27
Kip1 -deficient mice was significantly higher than that in wild-type mice at the same age.
Hiromura et al. [23] reported that p27 Kip1 modulates apoptosis in somatic cells in rodents. They demonstrated that apoptosis was increased in mesangial cells and fibroblasts when the level of the CDK inhibitor p27
Kip1 was absent or reduced and that the cells were rescued from apoptosis by restoration of p27
Kip1 expression. In ovaries, p27
Kip1 protects the follicles from atresia [14] . In the present study, the number of oocytes did not differ significantly between the control and the ovaries treated with p27
Kip1 siRNAs. In summary, p27
Kip1 expression was undetectable in primordial oocytes of newborn mice. Expression of p27
Kip1 was demonstrated in nuclei of primordial oocytes of 3-day-old mice. The percentage of p27
Kip1 -positive primordial oocytes increased from 3-to 7-dayold. After knockdown of the p27
Kip1 protein by siRNAs, a higher proportion of oocytes entered the growth phase in organ-cultured ovaries compared with the controls. These results strongly suggest that p27
Kip1 negatively regulates the growth of primordial oocytes and that knockdown of p27
Kip1 leads primordial oocytes to the growth phase in vitro.
